Direct simulation Monte Carlo code is developed to study a catalytic process of atomic oxygen on thermal protection material surface. The present method employs the phenomenological electronic excitation model and the heterogeneous catalytic model. Numerical method is applied to simulate the flowfield around a test piece put into the rarefied dissociating oxygen test flow. The calculated number density ratio of oxygen to argon is compared with the measured emission intensity ratio of oxygen line to argon line. The sensitivity analysis is made by varying Eley-Rideal reaction cross section under the several conditions of collisional desorption cross section, sticking coefficient, and total number of surface site. It is found from the study that the probability value of Eley-Rideal reaction for the test piece made of a sintered silicon carbide is about 0.035, while the value of about 0.1 is deduced for the test piece made of copper.
Introduction
When a space vehicle enters into the earth's atmosphere with a very high speed, a strong detached shock wave is formed around the entry vehicle. The flow temperature in the shock layer becomes so high that air molecules can be nearly totally dissociated. Because the entry vehicle is exposed to a significant aerodynamic heating during such atmospheric entry, a thermal protection system (TPS) is required. A SiC-based material is one of the candidate materials for the reusable TPS in the future planetary mission. Based on the recent theoretical studies, in which the heating environments over the OREX entry vehicle are analyzed, 1) the recombination processes of the atomic species behind a shock wave are so slow that a lot of atomic species in the boundary layer can reach the TPS surface. As a result, a recombination reaction occurs at the TPS surface depending on a surface catalysis of the TPS material. Because the recombination reaction of atomic species is exothermic, the surface catalysis causes the increase of aerodynamic heating. For this reason, it is important to know the surface catalysis of the TPS material.
One of the important parameters to describe the surface catalysis of materials is a catalytic efficiency, which is defined by the ratio of the number of atoms recombining on the surface to the number of atoms striking the surface. Recently, the catalytic efficiency value of the recombination reaction of atomic oxygen occurred at a SiC material surface; O + O → O 2 + 5.08eV (1) was experimentally investigated by Osawa et al. 2) In the experiment, oxygen and argon gas mixture was flown into a quartz tube, and was then discharged by supplying a radio-frequency current to an induction coil. The emission intensity ratio of oxygen line to argon line around the test piece was measured during the testing. The obtained emission ratio was then correlated to the spatial variation of atomic oxygen concentration around the test piece. The catalytic efficiency value of the test piece surface was estimated by considering a mass balance between the amount of oxygen arriving at the surface and the amount of oxygen consumed by the recombination reaction.
In the experiment, a radiation emission from atoms in the electronic excited state was measured around the test piece. When the electronic excited atoms collide with the cold test piece surface, the atoms are expected to equilibrate at the test piece temperature, and return to the ground state (hereafter called the deexcitation). After that, the atoms leaving the surface are excited again immediately in the flowfield if the total pressure is so high that the electron collision frequency becomes high enough for the electronic excitation. In Osawa's study, however, the measurements were conducted under a total pressure ranging from 10 to 20Pa because of the limitation of the experimental device performance. The Knudsen number based on the test piece diameter was about 0.02. Under such a rarefied condition, deexcited atoms leaving the test piece could be hardly excited in the flowfield because of low electron collision frequency. For this case, it is likely that the number density of atoms might be underestimated by the emission spectroscopy method, leading to an erroneous catalytic efficiency value. In order to understand the observed trend of experimental data, and to improve the reliability of the obtained catalytic efficiency value, a computer code is needed to be able to simulate the rarefied flowfield around the test piece by taking account of the electronic excitation of atoms and the process of the catalytic recombination reaction.
The present study aims to analyze the experimental results obtained by Osawa et al. 2) For this purpose, a computational code based on direct simulation Monte Carlo (DSMC) technique is developed to calculate the flowfield around the test piece. The electronic excitation of atoms and the catalytic process on the material surface will be modeled in the code. Using the developed computational code, the number density of atomic oxygen and atomic argon in the electronic excited states around the test piece surface is calculated by varying the parameters describing the surface catalysis parametrically. By comparing the calculated number density with that of measured, the degree of recombination of atomic oxygen observed in the measurement is examined.
Experimental Configurations
Though the details of the experiment can be found in Ref. 2 , the experimental configurations are described briefly here. The schematic of experimental apparatus for the measurement is shown in Fig. 1 . The experimental chamber consists of a quartz tube with a length of 65cm and a diameter of 5cm. The oxygen and argon gas mixture flows into the quartz tube, and is then discharged by supplying a radio-frequency current to an induction coil of three-turns. The test piece to be studied is placed on a quartz rod inside the quartz tube. In order to vary the temperature of test piece, an infrared heater is mounted at the end of the quartz tube. The temperature measurement of the test piece is made by using a one-color optical pyrometer mounted on the other extremity of the quartz tube. The experimental condition used in this study is shown in Table 1 . The radio-frequency generator works at power between 0 and 1kW at a frequency 13.56MHz, and the working power used in this study is 1kW. After the several observations of the discharged flow in the tube, we have chosen to work at a mass flow rate of 3sccm with 66.6% oxygen and 33.3% argon and a total pressure of 11 Pa. The mass flow rates for nitrogen and argon and the total pressure during the measurement are controlled by using precise mass flow meters and fine adjustment of a vacuum valve, respectively.
In the experiment, a sintered silicon carbide (SiC) was selected as the test piece material, and a test piece consists of copper (Cu) was also used for reference. The both test pieces are circular disks with a diameter of 20mm and a thickness of 2mm. In advance of the measurements using the test piece, a flow characterization for the present experimental condition was made by using an emission spectroscopic method.
2) A center line distributions of the vibrational temperature of molecular oxygen and the species concentrations were obtained in the test section by the numerical spectrum fitting procedure. A laser absorption spectroscopy (LAS) was also carried out to determine the translational temperature of atomic oxygen along the centerline in the quartz tube.
3) The obtained results are summarized in Table 1 . From these two flow diagnostics techniques, it is found that the temperature and the species concentrations are almost constant along the center line in the test section. These values will be used as the boundary conditions for the present study. The numerical methods are shown in the next section. 
Numerical Methods

Direct simulation Monte Carlo code
To calculate the rarefied flowfield around the test piece inside the quartz tube, two-dimensional DSMC computational code is developed for the present study. In this code, the collision cross sections are computed by using the variable hard sphere (VHS) model. 4) The no time counter (NTC) technique of Bird is used for collision procedure in conjunction with the subcell technique, where the collision rates are calculated within the cells and the collision pairs are selected within the subcells. In this study, each computational cell is divided into 2×2 subcells.
As was shown in Table 1 , the oxygen and argon gas mixture flowfield is characterized by high vibrational temperature which give rise to dissociated flows, while the flowfield is categorized as a weakly ionized flow with the degree of ionization of below 0.001. In terms of interaction between flowfiled and the test piece surface, mechanisms must be included in the numerical model to account for (1) rotational and vibrational excitation of O 2 , (2) dissociation of O 2 and recombination of O in the flowfield, (3) electronic excitation and (4) the catalytic processes at the test piece surface. Due to the low degree of ionization, the number densities of ionic species are expected to be negligibly small compared with those of neutral species O 2 , O and Ar. On the other hand, the collision between the neutral species and electron needs to be taken into account to examine the electronic excitation. In the present study, only three neutral species (O 2 , O, Ar) and electron are considered by assuming that the degree of ionization is constant all over the flowfield. The number density distribution of electron is estimated by multiplying the total number density of the neutral species and the degree of ionization in each cell. Using the obtained electron number density, the neutral-electron collision frequency is calculated based on the electron temperature assumed. The ionic species and the ionization reactions are not considered in the present study. Though this assumption is less rigorous, we have employed it because it seems a reasonable compromise that can satisfy a simplicity and numerical robustness simultaneously. Implementation of ionization reaction will be made in the future.
As to the dissociation model, a vibrationally linked dissociation reaction model is employed in this study. The calculations employ the quantum model for vibration with the realistic anharmonic (or unequally spaced) levels. At each inelastic collision, redistribution of the molecular internal energy is calculated by the Borgnakke-Larsen phenomenological model 5) with rotational relaxation collision number of 5. The vibrational relaxation collision number is calculated by using a Landau-Teller formulation with the relaxation rates obtained from Millikan and White. Dissociation occurs when the vibrational energy reaches or exceeds the value that corresponds to the dissociation energy. The probability of recombination for each collision of two oxygen atoms is based on equilibrium collision theory. Details of the above theory are provided in Bird's textbook. 4) To confirm the numerical accuracy of the present DSMC code, several numerical tests were performed prior to the present study. As not shown here, it was confirmed that the present code could reproduce the equilibrium degree of dissociation derived from the equilibrium collision theory. Further validation study will be made in future.
Electronic excitation model
The modeling of the electronic excitation is required to examine the number density of atomic species in the excited states. For this purpose, a phenomenological model proposed by Bird 6) and Carlson 7) is employed in this study. In this model, each simulation molecule is assigned a distribution over all the available electronic states. The electronic excitation energy of one simulation molecule is given by,
The equilibrium fraction Nj /N of atoms in the j th electronic state with energy ej above the ground state energy is given by the Boltzmann distribution as,
The sum is taken over all energies of electronic states below the ionization and dissociation energy. The complete list of states for molecular and atomic species is given in Ref. 6 . The only information needed to the above procedure is the relaxation collision number for electronic excitation. In this study, separate collision number is used as was done in the works of Bird and Carlson. According to Bird, the electronneutral elastic cross sections are of the order of 10 -19 m 2 and the data that are available for the electron impact excitation cross section are of the order of 10 -20 m 2 . This would suggest a relaxation collision number of about 10. The relaxation collision number used in this study is shown in Table 2 . These values were chosen after the flowfield calculations so that the calculated number density distribution of atomic species in the excited state can become similar to the measured emission intensity. This point will be discussed later. 
Surface event modeling for DSMC simulations
In order to describe the surface chemistry, we consider the following four types of surface events proposed by Karipides 8) and Dogra 9) . (a)Physical adsorption and thermal desorption:
where X is a surface available site for physical adsorption and 
Collisional desorption is desorption that is initiated from the surface through a direct collision with an incident molecule, and is characterized by a collision cross section σ I,M .
(c)Eley-Rideal reaction:
Chemical reaction involving an incident molecule and an adsorbed molecule is termed Eley-Rideal (ER) reaction. The ER reaction is characterized by a cross section σ ER .
(d)Langmuir-Hinshelwood reaction:
The Langmuir-Hinshelwood (LH) reaction involves two surface adsorbed molecules. Note that the LH reaction is described through a reaction rate k LH as opposed to a cross section. Using Eqs. (4)- (11), the rate of change of surface number density for all species are given by as follows,
∂nAra ∂t
where f s is flux of species s to the surface, n s a is the surface number density of adsorbed species s, and n S is the number of empty sites available. For the collisional desorption, subscript for cross section is suppressed to σ CD because a common value is assumed. The values for the fluxes are determined from the Monte Carlo simulations. The expression may be further reduced by assuming the conservation of surface sites:
where n T is the total number of available sites per unit area. It is useful to define a species surface coverage,
Considering the rate coefficient for the physical adsorption k i,f , it is customary to write down the so-called sticking coefficient S 0 as follows,
S 0 is the probability that a molecule impinging on an empty site will be adsorbed at that site. Note that the subscript for S 0 has also been suppressed because a common value is assumed for all species. The rate coefficient for the thermal desorption have been expressed using transition state theory as 10) ki . Wartnaby et al. suggest a sticking coefficient of about 0.5, and a heat of adsorption of about 332kJ/mol for O 2 on Pt(110) 12) . Assuming that the debye temperature for SiC is about 1430K, the residence time which is given by the reciprocal of Eq. (17) is on the order of 10 38 s at 300K, while it is on the order of 10 -4 s at 1600K. In the present study, values of the sticking coefficient, the heat of adsorption, cross section for collisional desorption and ER reaction for SiC test piece are required to evaluate the experimental results obtained by Osawa et al. For many of these parameters, values are not available in the literature. In other cases, the studies are made for different surface conditions, different temperatures, or include different phenomenon. For this reason, the sensitivity of the surface catalysis to the several parameters will be made in this study.
In the flowfield simulation, the surface number density for all species is calculated at each time step by solving Eqs. (12)-(14) numerically using a Runge-Kutta method. Simulation molecules that strike the surface in a time step are removed from the flowfield with the probability,
The number of simulation molecules that are added in the flowfield from the surface per unit area in time Δt is given by k i,b n s aΔt. Similarly, simulation molecules can participate in the collisional desorption, and desorb the adsorbed molecule with the probability values,
For example, if the simulation molecule is accepted for the collisional desorption with an adsorbed argon, a simulation molecule of Ar is added in the flowfield near the surface with the velocity according to the half-range equilibrium Maxwellian distribution based on the surface temperature. In the same way, simulation molecule of atomic oxygen is checked to see whether it has participated in the ER reaction given by Eq. (10). The probability of this reaction is given as,
Thus, the probability that a simulation molecule does not participate any surface events is expressed as,
In this study, a simulation molecule is reflected at the surface diffusely with the probability given by Eq. (23). The calculation proceeds until the flow reaches steady state and the surface number density for all species does not change.
Calculation conditions
In this study, the calculations are made for the case with and without test piece. In Fig. 2 , the computational domain for the case with test piece is illustrated with the boundary conditions. The computational domain extends from 80mm above the test piece to 20mm below the test piece, and 25mm in the radial direction. The computational domain is divided into 10,000 (200×50) square cells. The cell size used in this study is smaller than a mean free path.
The inflow and outflow boundary conditions such as temperatures, velocity and number density ratio of chemical species are determined based on the flow characterizations made by Osawa 2) and Takayanagi 3) . Those parameters are also found in Table 1 . For the wall surface of the quartz tube and quartz rod, diffuse reflection with complete accommodation to the wall temperature is assumed. For the test piece surface, the catalytic wall condition explained in previous subsection is employed through the computations. The surface temperatures are assumed to be 300K unless otherwise noted. 
Results & Discussions
In this section, the obtained results for the present analysis are discussed especially focusing on the centerline in the quartz tube.
Relaxation collision number for electronic excitation
In Fig. 3 , the distributions of measured emission intensities of Ar along the centerline are shown for the cases with and without test piece. For the case with test piece, the results are presented for SiC and Cu test pieces. As can be seen, the emission intensity is almost constant along the centerline for the case without test piece. For the cases with test pieces of SiC and Cu, the emission intensities increase gradually toward the surface due to compressibility, but decrease again near the surface. This decrease of emission intensity is believed to occur because the electronic excitation again takes a long time due to low electron collision frequency under the present experimental condition. In such a case, the number of atomic argon in the electronic excited state becomes smaller near the test piece surface.
In this figure, the calculated number densities of argon in the electronic excited states are also plotted along the centerline. The calculated results are obtained for the relaxation collision number Ze-Ar ranging from 0 to 1000. As shown in this figure, the number density of argon in the electronic excited states decreases with the increase of the collision number. By comparing the calculated number densities with the measured emission intensities, it is found that the calculation with Ze-Ar = 50 gives a similar distribution to the measured ones reasonably. For this reason, the present calculation employs the relaxation collision number of 50 for electron-argon collision. The comparison is also made for atomic oxygen in Fig. 4 . In this figure, the distributions of measured intensity of atomic oxygen are compared with the calculated number density distributions of O. The calculated results are presented for the relaxation collision number Ze-O from 0 to 1000. One can see from the figure that the measured emission intensity for the Cu test piece is smaller than that for the SiC test piece especially near the surface. The reason for this discrepancy is due to a high catalytic nature of Cu as compared with SiC. As a result, the number density of atomic oxygen near the Cu test piece becomes smaller than that for SiC. As shown in Fig. 4 , the emission intensity distributions of atomic oxygen are affected by the surface catalysis as well as the electronic excitation. In this situation, the relaxation collision number for atomic oxygen could not be determined by the direct comparison between the calculations and the measurements. For this reason, the uncertainty remains in the number density distribution of atomic oxygen in the excited states. From Fig. 4 , however, one can see that the effect of uncertainty of relaxation collision number will be negligibly small at the region above 0.02m from the test piece surface if the relaxation collision number is below 100. Because the exact value of the relaxation collision number for atomic oxygen is uncertain in this study, the relaxation collision number for oxygen-electron is assumed to be the same with that for argon-electron.
Sensitivity analysis of surface catalysis
In this section, the flowfield around the test piece is calculated by varying the parameters that describe the surface catalysis of the test piece. In the course of simulation, the sticking coefficient S 0 and the total number of surface site n T are assumed to be 0. 5 and 3×10 -19 , respectively. In addition, the experimental results discussed in this study are those obtained for the test piece temperature of 300K. In such a temperature regime, the LH reaction is believed to be a rare event [1] . For this reason, the discussion will be made by eliminating the recombination reaction through the LH reaction in the present study. Figure 5 shows the number density distributions of atomic argon and oxygen along the centerline in the quartz tube. Using the distributions in Fig. 5 , the number density ratio of atomic oxygen to argon is plotted along the centerline in . It should be noted that the agreement between the calculation and the measurement becomes slightly worse near the test piece surface. This discrepancy near the surface is due to the uncertainty of relaxation collision number of O explained in the previous subsection. On the other hand, the surface coverage for molecular oxygen and atomic argon slightly increases with σ ER because molecular oxygen and argon in the flowfield are further adsorbed at the surface empty sites that are newly produced by releasing adsorbed atomic oxygen for ER reaction. As a result, P CD,O2
and P CD,Ar slightly increase with the increase of σ ER . It is found from Fig. 7 that the probability values of ER reaction which correspond to the ER cross section values duplicating the measured intensity ratios are about 0.035 for SiC, and 0.1 for Cu, respectively. Calculations are also carried out by using the collisional desorption cross section value ranging from σ CD = 1.0×10
-22 to
. It is found that general trends seen in these calculations are similar with those observed in the calculation using σ CD = 1.0×10 -20 . In each calculation, a comparison is also made to determine the cross section value of ER reaction that gives a reasonable agreement between the calculation and the measurement for SiC and Cu test pieces. The obtained results are summarized in Fig. 9 . As shown in this figure, cross section values of ER reaction increase with σ CD both for SiC and Cu test pieces. This increase in cross section σ ER is explained as follows: In Fig. 10 , variations of surface event probabilities and surface coverage under the several conditions of collisional desorption are shown. These results are obtained by using a fixed value of ER reaction cross section, σ ER = 1.0×10 -20 . From the figure, the probability ER reaction decreases as the increase of σ CD . This trend is because the surface coverage decreases significantly due to the high frequency of collisional desorption. As a result, one needs to raise cross section σ ER in order to reasonable agreement between the calculation and the measurement for the case of large cross section σ CD .
In Fig. 9 , corresponding probability values of the ER reaction are also presented for both test pieces. It is found from the figure that the probability values of the ER reaction for SiC test piece is about 0.035 for wide range of collisional desorption cross section, while about 0.1 is deduced for Cu test piece. Calculations are also made to examine the sensitivity of σ ER and P ER to the sticking coefficient S 0 . The results are shown in Fig. 11 . In these calculations, the cross section value of collisional desorption is fixed to σ CD =1.0×10 -20 m 2 . From Fig.  11 , cross section of ER reaction increases with the decrease of sticking coefficient. This trend is because the surface number density of atomic oxygen n O a becomes lower with the decrease of S 0 . In this condition, one needs to raise σ ER in order to obtain a reasonable agreement between the calculation and the measurement, as was explained in Fig. 10 . As a consequence, the probability values of ER reaction both for the SiC and Cu test pieces do not change again for the sticking coefficient ranging from 0.05 to 0.5.
Finally, the sensitivity of σ ER and P ER to the total number of surface site n T is examined in Fig. 12 . The results are obtained by using the fixed values of S 0 =0.5 and σ CD =1.0×10 -20 m 2 , respectively. As shown in this figure, cross section value of ER reaction decreases with the increase of n T . This trend is because the surface number density of atomic oxygen becomes larger with the increase of n T . In such a condition, an agreement between the calculation and the measurement could be obtained even if the small value of σ ER is used for the calculation. Consequently, the probability values of ER reaction for the SiC test piece is found to be about 0.035, while that for Cu is about 0.1. 
Conclusions
A DSMC computational code is developed to study the catalytic process of atomic oxygen on thermal protection material surface. The phenomenological model for electronic excitation and the surface model for heterogeneous catalysis are implemented in the code. Using the developed computational code, the flowfield around a test piece put into the rarefied dissociating oxygen test flow is analyzed for one operating condition. The calculated number density ratio of oxygen to argon is compared with the measured intensity ratio of oxygen line to argon line. The calculated results are obtained by varying the cross section value of Eley-Rideal reaction under the several conditions of collisional desorption cross section, sticking coefficient, and total number of surface site. It is found that the probability value of Eley-Rideal reaction for the SiC test piece is estimated to be about 0.035, while the value of about 0.1 is deduced for the Cu test piece.
